2D TIs were first identified experimentally through quantized transport 1 and non-local edge state transport 3 , but limited to cryogenic temperatures due to small bandgaps. In order to make 2D TIs applicable for next generation electronics, candidate materials need to possess large bandgaps suitable for room temperature operation, and be amenable to growth across large areas and on insulating substrates. Significant progress has been made with the realization of larger bandgap 2D TIs WTe2 14 , bismuthene 17 and Na3Bi 16 , and transport measurements have confirmed the quantum spin Hall effect up to 100 K 13, 15 in WTe2. However, the 50 meV gap in monolayer WTe2 precludes room temperature operation, and present samples are limited to micron-sized exfoliated flakes 13, 15 or molecular beam epitaxy-grown films on conducting bilayer graphene 14 . Bismuthene on insulating SiC possesses a very large topological bandgap (700 meV), though electrical experiments have yet to be demonstrated.
Ultra-thin Na3Bi is especially promising for topological devices due to its very large topological bandgap (>300 meV) and electric-field induced topological phase transition 16 .
Unlike WTe2 and bismuthene which are 2D TIs only as a single monolayer, Na3Bi is also a 2D TI in bi-layer and tri-layer form. Na3Bi can be grown by thermal co-evaporation of metals on a variety of substrates 18, 19 at relatively low substrate temperature (≤ 330 °C). These qualities are promising for production of large area epitaxial ultra-thin 2D TI films, robust to temperature and layer-number fluctuations 16 . But so far ultra-thin Na3Bi has only been realised on heavily doped Si(111) 77 16 , which possesses a metallic surface state preventing transport measurements.
Here we report the growth of large area epitaxial ultra-thin (~1. In this regime non-local measurements confirm that the conduction is dominated by the doped bulk (see below). All as-grown films are n-type with carrier density ranging from 2.810 10 cm -2 to 3.8×10 11 cm -2 , with mobility ranging from 1000 cm 2 /Vs to 34000 cm 2 /Vs. The fluctuations in density and mobility are most likely due to subtle variations in substrate quality and growth conditions, whilst, the intrinsic n-type doping is due to interfacial doping and is consistent with the n-type doping observed for 20 nm Na3Bi thin films 19 .
We now turn to the bulk magneto-transport properties of as-grown and of in-situ K-dosed ultrathin Na3Bi. Figure 2( (purple triangles). At higher density there is only negative magneto-conductance and as the density decreases there is crossover from negative to positive magneto-conductance at around 0.25 T, consistent with a crossover from WAL to WL. Bulk Na3Bi exhibits near perfect weak anti-localization behaviour due to the perfect spin-momentum coupling expected for a topological Dirac semimetal 19 . The presence of a gap indicates that this perfect spin-momentum coupling is broken by coupling the Dirac cones. Hence our observations are qualitatively consistent with expectations for a Dirac system; near-perfect WAL at high density far from the gapped region where spin-momentum locking is approximately preserved, and a mixture of WL and WAL near the band edge where spin-momentum locking is strongly broken.
We fit the data to the full Hikami-Larkin-Nagoyosa (HLN) formula (solid lines in Fig. 2(a) ; see Supplementary Materials for formula and details) to obtain the phase (lϕ) and spin (lSO) coherence lengths, and plot the mean free path (le) (calculated in Supplementary Materials), lϕ,
and lso as a function of carrier density in Figure 2 (b). For all films, lϕ >> le consistent with the quantum diffusive regime. The phase coherence length, lϕ has a minimum value of about 73 nm at n = 7.5×10 10 cm -2 and increases to around 280 nm at n = 3.7×10 11 cm -2 which shows that by approaching the metallic state the electrons gain larger phase coherence similar to the observation in WSe2 21 . On the other hand, lso increases as the density decreases, reflecting the decrease in spin-momentum locking (perfect spin-momentum locking corresponds to lso = 0).
At low density when lϕ ~ lso, the crossover of WAL to WL is expected as the small backscattering loops imply that the spins do not have time to precess and evolve adiabatically.
Interestingly, one of the films was found to become p-type after the superconducting magnet quenched (causing a rapid heating of the cryostat and sample stage to 50 K), resulting in the desorption of vacuum species such as CO, causing the p-type doping. The magnetoconductance of the now p-type film is plotted as a red trace in Figure 2 (c), and shows entirely weak localization. This then allowed us to study the evolution of the magneto-transport as a function of doping via in-situ K-dosing as shown in Figure 2 (c). A clear transition from pure WL (red-circle) at low p-type doping to a crossover of WL and WAL (green-triangle) at lown-type doping and to pure WAL at higher n-type doping level is observed with increasing Kdosing. The HLN analysis lϕ and lSO is shown in Figure 2 (d), and display a similar carrier density dependence to that observed for the as-grown films i.e. with increasing carrier density, lϕ increases whilst lso decreases. Again, the crossover from WL to WAL occurs when lϕ ~ lso, as expected. Further analysis and discussion of contributions from electron-electron interactions can be found in Supplementary Materials.
We now investigate the transport properties when the Fermi level is within the bandgap, where the only transport should occur along the 1D topological edge. We deplete the as-grown n-type doped films by depositing high electron affinity tetrafluorotetracyanoquinodimethane (F4-TCNQ) (electron affinity 5.24 eV), previously demonstrated to p-type dope thin-film Na3Bi without degrading the electronic properties 18, 22 . We have eliminated the possibility of edge conduction by metallic Bi or Na (see Supplementary Materials) and conclude that conduction occurs through topological edge modes. For the highest coverages and lowest temperatures, RNL saturates at ~100 M, and RNL/RL saturates ~ 1, suggesting that when the Fermi level is deep in the bulk gap, the edge current is less affected by the bulk leakage, and RNL reflects the edge resistance. Neglecting localization, the edge resistivity is ρedge = R/L = h/e 2 le,edge where R is the resistance of an edge section of length L, h is Planck's constant, and e the elementary charge. Accounting for the two current paths, RNL ~ 100 M corresponds to ρedge ~ 300 kΩ/μm and le,edge ~ 100 nm. Figure 3b shows that RNL is temperature-dependent, becoming larger at lower temperature.
However, the temperature dependence appears to mirror the temperature dependence of the ratio RNL/RL; the largest RNL is measured at 5 K when RNL/RL saturates near unity, and lower RNL values coincide with deviation from RNL/RL ~1 and thus may be due to leakage through the bulk rather than temperature dependence of ρedge. More work is needed to clarify the detailed temperature dependence of ρedge. The temperature dependence of RNL/RL also prevents us from probing edge transport to temperatures above 20 K, apparently limited by bulk leakage. This temperature is much smaller than the bandgap in ultrathin Na3Bi, suggesting that bulk leakage could be significantly reduced in cleaner samples, realizing higher temperature edge transport. corresponding to a decrease in RNL/RL. This is consistent with some current being shunted through the bulk. The abrupt change in slope indicates that the bulk conduction turns on abruptly once a critical edge current/voltage is exceeded; the critical bias voltage ~ 75 mV is of similar order as the bulk bandgap energy hence it is reasonable to expect significant bulk conduction at this bias. Figure 4 shows the longitudinal magnetoresistance (MR) of 2 nm Na3Bi as a function of F4-TCNQ doping. In contrast to the positive MR due to weak anti-localization observed for bulk transport ( Fig. 2 and black line in Fig. 4 ), in the edge conduction regime a giant negative MR (GNMR) develops, as large as -80% at 0.9 T and nearly independent of the doping (F4-TCNQ coverage). GNMR has been observed previously in bulk Dirac and Weyl semimetals, but only in parallel electric and magnetic fields due to the chiral anomaly [24] [25] [26] [27] , however the GNMR observed here in ultra-thin Na3Bi is observed in a perpendicular magnetic field.
Edge state transport with high resistance R > h/e 2 has also been observed in QSHE systems HgTe 5, 6 , InAs/GaSb 9,11 , and WTe2 13 . The inferred mean free path in our samples is similar to that seen in WTe2, while mean free paths of a few microns are achieved in HgTe and InAs/GaSb.
Helical edge modes are expected to conduct perfectly at zero temperature. However, finite edge resistance with weak temperature dependence (at temperature much smaller than the bandgap) has been explained as arising due to Kondo scattering from local moments, either atomic-scale defects 2 or electrons localised in puddles 10 due to spatial fluctuations of the Fermi energy, at temperature T > TK, the Kondo temperature. Kondo scattering is expected to be strongly suppressed by a magnetic field when gμBB > (kBT,kBTK), where B is the magnetic field, g the gyromagnetic ratio of the impurity, μB the Bohr magneton, kB the Boltzmann constant. Here, g is estimated to be ~20 for Na3Bi 25 , hence we expect gμBB > kBT > kBTK for B > 0.4 T, which agrees well with the half-width at half-maximum of the MR of 0.5-0.9 T. Thus GNMR is a natural consequence of spin-flip scattering-limited transport in helical edges, and provides strong evidence of the topological nature of edge transport in few-layer Na3Bi.
Methods
The Na3Bi films were grown via molecular beam epitaxy (MBE) in a Createc LowTemperature-MBE-STM system on atomically flat α-Al2O3[0001] substrates (Shinkosha Japan) that were prepatterned with Ti/Au electrodes (5/50 nm) in either a van der Pauw geometry or in a Hall bar geometry by growing through a stencil mask affixed on the substrate. The growth was achieved by co-depositing Bi (99.999%) and Na (99.95%) in an over Na flux with a Na:Bi flux ratio above 10:1. Deposition rates were calibrated using a quartz crystal microbalance. A two-step growth method was employed with the first 1 nm grown at 200 °C and the remaining 1 nm grown at final temperature around 270 °C. After growth, annealing at 300-330 °C for 10 min in a Na flux was carried out to improve film quality. The as-grown film was then transferred in UHV to the low-temperature STM with 1T perpendicular magnetic field and insitu electrical contacts. K-dosing was performed at 5 K using a getter cartridge, whilst F4-TCNQ deposition was carried out in the MBE chamber using an effusion cell and the rate calibrated by quartz crystal microbalance. 
